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Introduction. Welded joints in large-sized metal structures (e.g., in the structures of ship hulls) subject to low-cycle
fatigue are considered. The characteristic appearance of soft interlayers, which are significantly plastically deformed
under working loads, was noted. Deformation of the metal structure with damage, especially in the form of cracks,
reduces the strength and reliability of structural elements and joints. Pre-deformation negatively affects plasticity;
therefore, much depends on the residual plasticity of the cracking material. At the same time, with a decrease in residual
plasticity, such an important reliability indicator as the resistance of the material to crack propagation — the fracture
toughness — decreases. The paper is devoted to the development of a model that includes analytical dependences for
assessing the crack resistance of metal structures and their welded joints with soft interlayers according to the crack
resistance limit for all crack sizes.

Materials and Methods. The theory and methods of linear mechanics of materials destruction, structural-mechanical
approach are used. The calculation results were analyzed and compared to the experimental data and other analytical
solutions. The numerical experiment was performed for the ferrite-perlite steel grades of 10, 50, 22K, St3sp, etc.,
widely used in industry, as well as for alloy steels hardened to medium and high strength of 30KhGSA, 37KhN3A, etc.
Results. Analytical dependences are obtained for calculating the relative crack resistance limit according to three main
known mechanical characteristics of the state of the material of the soft interlayer of the welded joint.

Discussion and Conclusions. The results obtained can be used to assess the crack resistance of pre-deformed structural
elements and welded joints (including those with soft interlayers) operating under a transverse load. The results of
experimental data and analytical calculations are shown in dimensionless form, which enables to obtain invariant results
with respect to the fracture toughness limit.
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Introduction. In welded joints subjected to cyclic loads, cracks often occur and develop, which can cause a
dangerous condition of structures and their destruction. Examples of the formation of such cracks in the ship hulls are
given in [1]. The kinetics of the formation of macrocracks in welds and their development depend on many factors,
which requires comprehensive studies on the crack resistance of welded joints and the development of appropriate
mathematical models.

The resistance of the metal to crack propagation is significantly affected by the so-called soft interlayers that

appear after welding, which are subjected to plastic deformation. Different sections of the welded joint are characterized
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by a greater or lesser degree of heterogeneity of the mechanical characteristics of the metal [2]. It depends on many
initial conditions of the welding procedure. These include the cooling rate of welded joint zones and processing of
welded steel, as well as the content of alloying elements, carbon, etc. O. A. Bakshi considered some problematic issues
of viscous and brittle destruction of mechanically inhomogeneous welded joints, the influence of defects and
microcracks on the processes occurring in the metal structure under loading, etc. The researchers solved a number of
particular problems to increase the strength and durability of welded joints with interlayers [3—-6].

In the steady-state welding mode, the width of the heat affected zone (HAZ) and mechanical properties of the
metal vary slightly along the length of the welded joint. Therefore, it is advisable to consider the heterogeneity of
characteristics in different zones in the welded joint under transverse load. For hardened or heat-treated (heat-
strengthened) metals, the appearance of quenching structures or weakened zones, respectively, is characteristic. At the
same time, depending on the properties of the steel in its initial state and the parameters of the process, soft zones may
form. Here, yield strength o} and tensile strength o} of the metal are less than in the adjacent (so-called hard) zones o,
and og. Thus, the soft zone will be involved in plastic deformation between areas with characteristics o > oY, a5 > oy
earlier than neighboring ones, and the degree of its influence on the strength of the joint will depend on the scheme of
the applied load'. Deformation of the soft interlayer reduces the crack propagation resistance — the intensification of
brittle fracture is initiated, in which the critical crack length will decrease dramatically [7].

The objective of this study is to develop analytical dependences and a mathematical model for assessing the
crack resistance of welded joints with a soft interlayer as a result of its preliminary plastic deformation.

Assume that some limitation of the linear dimensions of the welded sample (except thickness) under transverse
load does not noticeably affect the processes and phenomena considered in the metal structure (except for the formation
of a soft interlayer) caused by the thermal welding cycle.

Materials and Methods

Calculated prerequisites. Consider the change in the physicomechanical characteristics of the metal of the

soft interlayer when the butt joint is pulled across the seam of a sufficiently large range (Fig. 1).

—(Vf

Fig. 1. Diagram of the dependence of characteristics 6, , § and Y on the relative thickness of the interlayer

In the elastic loading stage, the interlayer and adjacent sections of the considered region are deformed
uniformly. When the stress level corresponding to yield strength oY is reached, a plastic deformation is formed in it, and
the adjacent sections remain in an elastic state. To simplify, we assume the angle of inclination of the face of the

interlayer B = 0 (Fig. 1). With a further increase in load and deformation, the coefficient of transverse deformation p
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(Poisson's ratio) of the soft interlayer increases. As a result, it will be larger than that of the adjacent section of metal.
As plastic deformation develops in the interlayer, p — 0.5, and in the zone with an elastic state of metal, u = 0.3. Due
to unequal transverse deformation, tangential stresses arise in the weld. Their maximum values are concentrated in the
area of the separation planes of the soft interlayer and neighboring zones. Tangential stresses prevent transverse
narrowing of the soft interlayer in the direction of the sheet thickness. The narrower the interlayer (i.e., the smaller the
ratio & = h/s, Fig. 1), the smaller the transverse constriction it receives at the time of the occurrence of true
destructive stresses o,. This creates the effect of contact hardening, which provides an increase in load-bearing
capacity.

The increase in destructive power has limits. The stronger zones adjacent to the soft interlayer will also be
plastically deformed under certain conditions. The greater the strength of the adjacent zones and the smaller the relative
thickness of interlayer 2, the more noticeable the effect of contact hardening. It is reinforced by harder interlayers
located near relatively soft ones.

Relative transverse constriction  in the soft interlayer and the absolute elongation of sample § depend on 2
and the properties of metals in the compound. In wide interlayers, when there is no contact hardening yet, J remains
constant with decreasing a (see Fig. 1). And 8§ gradually decreases with decreasing e in the total width of the welded
sample. In the region of contact hardening, Jr decreases sharply, as transverse tangential stresses increase preventing the
narrowing of the interlayers in the direction of the material thickness. In this case, the relative elongation of sample &
also first decreases. When a significant stiffness of the stress state in the soft interlayer is realized, § increases, since the
metal of the hard interlayer is involved in plastic deformation. Note that under welding heat-strengthened steels, 8% of
the soft interlayer turns out to be higher than 8%. But its plastic deformation is much greater, and the residual plasticity
after loading to stresses oy > o > oy may become critical. As a result, the length of the critical crack is significantly
reduced, which can occur under the influence of further cyclic operating stresses at the junction of soft and hard
interlayers. At the same time, the risk of brittle fracture increases significantly, and its possibility should be assessed
(crack resistance limit>° [8,9]) in the area with a crack defect. This takes into account the conditions of plane
deformation, contact hardening, and plastically deformed soft interlayer. According to the results of the study of the
deformation of interlayers of composite material by the method of finite element modeling [3], it can be noted that the
greatest deformation of the soft interlayer is formed near its junction with the hard interlayer. This is especially clear at
the average values of the relative thickness of interlayer 2.

Sometimes, with static load, it is possible to find the optimal value of s and achieve uniform strength of the
connection. However, defects or discontinuities existing in the soft interlayer after some deformation may develop into
cracks with a critical length, provided that the remaining part of the subcritical deformation is relatively small. The

contact hardening degree in the case of plane deformation is determined from the formula® [2]:

1
T+ -
K, = —& (1)
2V3
Tensile strength of a welded joint with a soft interlayer:
o = oy Ky, 2)

where oy — tensile strength of soft interlayer.
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Naturally, to provide equal strength under static load, at least the condition o5° = oy} is required to be fulfilled.
In this case, the limit (minimum) value of the contact hardening coefficient is determined from the ratio of ultimate
resistances:
Kenpen = 01/ 0l (3)
Using (1) and (2), we find the limit values of @&p,, at which the equal strength of the joint is obtained under
the conditions of plane deformation:

1
®ppen = : 4
W (23 Kanpen — ) “4)

However, it must be borne in mind that the increase in the strength of the welded joint with a soft interlayer is

limited by the true separation stresses for the soft metal.

When welding hardened steels, the width of the softened zone depends on the rate of energy input and is
regulated by the selection of a suitable welding mode. For each metal thickness, welding method, and mode, there is a
certain width of the softened section, at which the maximum possible contact hardening is provided, as well as equal
strength of the welded joint and the base metal.

The study of the softening section under argon-arc and electron-beam welding of metal with a thickness of
4.5-8 mm shows:

— the hardness on it is determined only by the heating temperature;

— the strength of the joints does not depend on the hardness level of the softened section, but on its width h (Fig. 1).

At the same time, it should be borne in mind that the softening section smoothly passes into harder sections of
the heat affected zone.

The study of the kinetics and the mechanism of softening in HAZ allowed us to establish how the properties of
the sections surrounding the soft interlayer affect the strength of welded joints.

A new criterion determining the temporary strength limit of the welded joint oy}, is experimentally validated —
this is the relative width of the soft interlayer b, /b,. The proposed empirical dependence has the form:

2
0% = oY + 0.30" (Z—:) + 0.30" (Z—:) , (5)
where oy, — the strength limit of the welded joint, MPa; oy — the strength limit of the soft interlayer, MPa; b, — the
width of the interlayer with equal strength of the welded joint and the base metal, m; b; — the current width of the
interlayer, m.

It follows from the last equation that at b, = b, the soft interlayer is strengthened by a maximum of 60 %, i.e.,
o; = 1.60}, since further hardening does not make sense.

The experimental results indicate a decrease in the endurance of welded joints with a soft interlayer formed
after welding of heat-strengthened steels U4 and U6. This shows a significant reduction in load-bearing capacity [10].
In these steels, the endurance limits of welded samples without stress concentration almost coincide with the endurance
limits of the same samples made of non-hardened steel. That is, despite the thermal hardening of steels (contributing to
an increase in strength), the vibration strength of welded joints based on 10° cycles, turns out to be almost the same.
Consequently, it can be assumed that plastic deformation in soft interlayers causes early formation of a macrocrack,
whose critical size L is sharply limited by the plastic deformations that have occurred.

The crack resistance of a plastically deformed soft interlayer material up to the values of 6 < oy can be
estimated by a two-parameter fracture criterion — the crack resistance limit, which is calculated according to the known

analytical dependence” [2, 11]:

4 Matokhin GV, Molokov KA. Ibid.
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0.\?
K, =K 1—(—M), ©)
GB

where o, — gross critical fracture stress; K;, — critical stress intensity factor (the constant of the soft interlayer
material).

After plastic deformation of the soft interlayer, 6. will depend on the characteristics of the defect. Assume that
this characteristic is the critical length L. of the incipient crack. Then, o, = KC/\/T[_LC. However, to use (6), it is
necessary to know the degree of deformation of the interlayer, since K. will primarily depend on it. Value L. will be
considered unknown. It must be determined depending on the deformation of the soft interlayer.

The authors® [11], investigating the structural parameter of fracture d and determining it for a disc-shaped

crack, come to an expression for estimating the crack resistance limit in one-dimensional form:

K = van@d-n (7)

K,,  arccos(n)’
where 1 = a/(a + d) — dimensionless parameter specified by the range of variation (0 <1 < 1); a — radius of the
disk-shaped crack.

From the last equality, it follows that large cracks are characterized by a relatively small value of d, a.
Destruction occurs with small plastic deformations in the net section, and K, = K;.. The reverse situation develops
with relatively small cracks, if a large plastic deformation in the net section is required for destruction, and n = 0,
K. < K.

Now imagine that the soft interlayer is subjected to cyclic loading. In this case, we use the concept of an

effective threshold stress intensity factor K, to calculate the limiting amplitude of the loading cycle oy, at the level of

average stresses 0y > Op, + 0p. > o7 To this end, we calculate the length of the initial macrocrack L, corresponding to
the limiting amplitude of stresses in a plastically deformed material up to o,,:

tzhr <i_ 1_u+|’12>
m \of, o7

c (®)
np¥t Kino = Kho, 7 = =1,

where of, — limiting stress amplitude; oy, — cyclic yield strength; r — cycle asymmetry coefficient; p — Poisson's

ratio.

The value of the length of the initial macrocrack L should be substituted into the calculated dependence for

determining the endurance limit [12]:
(12 -0.5
ofr = 0f [ﬂL (=) +0.8] . ©)
Kihr
The solution will be the desired values of the limiting amplitudes. The characteristics included in (9) are
calculated according to [12] or’. Further, it is not difficult to determine the contribution of the preliminary plastic
deformation of the soft interlayer to the equivalent damage with regard to estimating the length of the macrocrack.
Research Results

Building a mathematical model. We describe the proposed sequence of analytical dependences development.

The remaining plastic properties of the structural element or part of it can be estimated by deformation using the

° Goldstein RV, Morozov NF. Ibid.
¢ Molokov KA. Otsenka povrezhdennosti ferrito-perlitnykh stalei v usloviyakh malotsiklovogo nagruzheniya. In: Proc. Conf. “Nauka. Innovatsii.
Tekhnika 1  tekhnologii:  problemy, dostizheniya i  perspektivy”.  Komsomolsk-na-Amure: =~ KnAGTU; 2015. P.126-129.
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elongation for the material area. We assume that a uniform plastic deformation takes place on a small section of the soft
interlayer. It is associated with the critical elongation to destruction 85,0y through the known dependence [13]:
e =1In(1 + 6;). (10)

Let us assume that the material of the soft interlayer is plastically deformed. Consider the case when plastic
deformation occurs only in the first loading cycles. That is, the area of the soft interlayer is pulled plastically under the
external transverse nominal load, and then it works under elastic cyclic stresses. This is how a fatigue crack develops. In
a soft interlayer, it can be provoked by high plastic deformation and (or) a defect. Due to the reduction of the ultimate
deformation of the soft interlayer material, preliminary plastic deformation causes a decrease in the critical opening at
the crack tip. According to the results of work [14], it can be noted that the dependence of the critical crack tip
opening §. (CCO) under the pulling deformation of steel is very close to linear. This fact is observed for both aluminum
alloy and austenitic steel. The results of the mentioned experiments suggest that with the maximum uniform plastic
deformation of these materials, . = 0.

The endurance limit depends significantly on the degree of pre-deformation. Such a dependence is difficult to
obtain theoretically [15], because before the area of the average preliminary plastic deformation of the material, the
endurance limit reaches a minimum, and after it increases and can reach the indicators of an undeformed material. Thus,
the very fact of the crack appearance, apparently, plays a major role in fatigue. Non-propagating cracks, even with a
large preliminary plastic deformation, cause destruction only in rare cases. This is evident from the examples of damage
to ship structures given in [1].

We take into account that §. = 0 in the limit of plastic deformation, and use a linear approximation of the

dependence 6;.(¢):

)
8(e) = 8y, — ( e )s. (11)
max
At the crack tip, the CCO is determined from the known dependence of linear fracture mechanics:
K.
= . 12
816 A <EO‘T> ( )
Coefficient A [12] is found from the formula:
— 2 14
)= (1-2w E( 40 )m . (13)
1.24mo,. \RpyceD

Here, E — modulus of elasticity of the material; R,,., — micro-cleavage stress of deformed material; D —
coefficient taking into account the increase in the first principal stress component for the case of a complex state; g —
coefficient showing the ratio of the second principal stress component to the first one; m — hardening coefficient.

For the specified characteristics and coefficients, there are well-defined design dependences on the basic

mechanical characteristics of the material. The critical stress intensity coefficient in (12) is calculated from the formula:

1
R D H+1
Ky = \/(ﬂ) o, 6.181d,, (14)

qo;

where d, — average grain diameter of the raw material of the soft interlayer. Substitute the last expression and (13)

in (12). Make the necessary reductions. Note that in (12) and (11), a small component of elastic deformations can be

neglected. As a result, we get:

€0,
8,.(e) = 5(1 — 2)%d, (1 - 100). (15)

Deformation € is calculated from dependence (10). Let us find dependence K,.(g). From (12), we have
K. (e) = Ec.6;.(€)/A. Substitute the known expressions and get:
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RpceD\m*! €0
K. (e) = J(%)m 6.18md,0% (1 - : 0(“)) (16)
T

or

In(1+8)). (17)

1
0,6181d,2 (RpyeeD\m** o
K. (8) = |~ 2 ( m;e ) -(1—1()“0

=1
o (1-2p)?
After reduction, it is possible to obtain a simple dependence of the critical stress intensity coefficient K;. on

the current value 6 of the soft interlayer pulling:

O_B
100

where § — elongation (pulling) of the soft interlayer material, fractions.

Ki.(8) =K, = ch\/1 ——=In(1+9), (18)

In formula (18), K;.(8) — crack resistance limit K. Its relative value K;.(8)/K;. shows how the decrease in
the fracture toughness of the material depends on the elongation (pulling) of the elementary region of the soft interlayer.
For simplicity of calculations, the averaged elongation of the soft interlayer under the payload can be used. Note that the
locality of plastic elongation in the welded joint of a soft interlayer at Ah relative to h can significantly affect its fatigue
strength. For the hardened base material, this effect, on the contrary, will be insignificant

At § = &g, ratio K./K;. should give zero, so we equate (18) to zero and write down the following calculation
formula relative to §:

8 = exp(100/0,) — 1. (19)
Here, o, is substituted in MPa.

Analysis of the results and verification of the adequacy of the dependences obtained. It is possible to
recognize satisfactory results of verification of the coordination of the design characteristics according to the obtained
analytical dependences with reference data of structural hypopearlitic steels in the state of delivery. We are talking

about thin-sheet rolled steel St10, St50, 22K, St3sp, 37HN3A, 30HGSA, etc. (Table 1).

Table 1

Design and reference characteristics of steels
Steel 6,, MPa | o, MPa m d,, um Ok K, MPaym 8:,% 85,%
St10 320 190 0.17 66 0.73 103.6 36.6 > 31
15G 410 245 0.148 94 0.55 104 26.4 26
St3sp 450 270 0.16 37 0.71 101 24.8 25
22K 540 310 0.16 30 0.69 97 20.3 22..26
St50 680 350 0.16 25 0.62 78 15.8 17
10HSND 540 390 0.132* 27 0.71 - 20.3 19
37HNZA 1014 743 0.12 7 0.6 73.8 10.3 10
30HGSA 1750 1360 0.09 3 0.44 53.2™ 6 7
30 HGSA 1470 1080 0.12 4 0.6 58.52*** 7 7
*Calculation by (19); **calculation by m = {0.75 - lg[o,(1 + 1.4¢,)/00,1}/lg [105 In (ﬁ) /(200 + 0.500_2)]
[15]; ***calculation by (14).

The analysis performed earlier [12] confirms that coefficient A calculated from (13) at the CCO at the tip
0.618d,, is consistent with the experimental data for steels 22K and St10. In the first case, A is 0.22, in the second —
0.23.

Let us consider the preliminary deformation of thin sheets in a plane stress with the condition that the grain

receives relative elongation e, in the longitudinal direction. In this case, its average diameter in the same direction will

be larger by (1 + e,) times, and in the transverse direction, it will decrease by (,/1 + ez). That is, if the average
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diameter increases in the longitudinal direction by 2.618 times, then in the transverse direction, it will decrease by 1.618
times. Here, the transverse direction coincides with the direction of movement of the crack. It is easy to see the linearity
of the dependence from which the increase in the average grain diameter is determined. It follows, that with uniform
uniaxial plastic deformation, the critical opening at the crack tip should also decrease linearly, depending on the relative
elongation e,. When rolling steel sheets, such a pronounced linear relationship is not detected. Obviously, this is due to
transverse deformations, which are characterized by flattened grains.

Diagrams of the change of K; . as a function of § for steels (Table 1) are shown in Fig. 2.

K;,MPam'* 120 - 2K
—  St3sp
— 50
100 — 37HZZA
30HGSA
80 7 — 10
60
40
20
0
40
3, %

Fig. 2. Change in crack resistance depending on the preliminary elongation of steels

The critical intensity coefficient is calculated from (14) using the data in Table 1. This enables to determine the
level of K; . under plastic deformation through pulling and compare it to the values of other steels. Thus, the comparison
of 30HGSA steel treated to yield strength o, = 1360 MPa, and steel 10 shows that when using low-strength steel 10,
level K;. can be reduced only with large elongation deformations (about 25 %). In practice, this happens quite rarely in
constructions. However, with targeted pulling or cold rolling, a significant decrease in K;, is possible, and this should
be taken into account.

If to rank steels according to the ultimate plasticity and compare maximum values of K. for them, it turns out
that plasticity decreases from one steel grade to another much faster than the critical stress intensity coefficient changes.
So, K;. for 30HGSA and 10 steels, in the initial state of delivery differs by ~2 times, and relative elongation § —
by ~5 times. The appearance of plasticity in the tops of various stress concentrators is inevitable, therefore, to provide
the necessary reliability of elements made of 30HGSA steel, it is advisable to control plastic deformations in the
structure ~5 times more precisely. In addition, it should be taken into account that a decrease in viscosity by ~2 times
will cause a decrease in the critical crack length by ~4 times. The reason is the low viscosity and ductility of 30HGSA
steel, for whose operation it will be required to increase the safety factor by ~5 times. The latter does not mean that
high-strength steels as a structural material are worse than medium-strength steels. The problem is in selecting the
optimal combination of viscosity, ductility, and strength. The calculated dependences obtained in this analysis make it
possible to evaluate these characteristics by calculation. This is important for the rational choice of material at the
design stage, determining the optimal welding and heat treatment modes.

Let us compare the results of calculations according to (18) with the known dependence (7)* (fig. 2). The first
function depends on the remaining ductility of the steel, and the second — on the relative length of the crack in the

concept of the structural element. To conveniently present the results for their comparison, we introduce a

8 Goldstein RV, Morozov NF. Ibid.
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dimensionless parameter:
n=1-a/(a+4d). (20)

b=50 mm
b=100 mm
b=200 mm

K/Kie 12

| | x+o0

1 1 1 1 1 1 1 1

O 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
&,
Fig. 3. Dependences of the relative crack resistance limit on the dimensionless parameter of the disc-shaped crack n* and on the
dimensionless parameter of the preliminary uniform elongation of the material §*. Lines are analytical

dependences (7), (18). Markers are experimental data for compact sample’® [11, 16] with dimensions b

After substituting (20) into (7), we obtain an invariant expression for the mean value. If we know 1, then we
can find the relation a/(a + d) from (20). The comparison results show that the functions are almost the same. In
relative coordinates, they are characterized by invariance with good approximation. Both functions well approximate
the experimental data of the crack resistance limit obtained on the samples with characteristic dimensions b [13].

Consider the conditions of plane deformation at the known critical crack length L.. For hypopearlitic steels

with 6, < 400 MPa, it can be estimated approximately as L, = 2K2./m/c2 , and it is easy to find the critical voltage of

the external load . = K./ /TL,:

0. =0, |>— —2In(1+8). 1)

2200

The equation reflects the law of reduction of critical stresses o, below the value of the endurance limit of a
material with crack length L. depending on the amount of preliminary elongation of the material. In the same
formulation, the decrease in the critical crack length in the pre-deformed soft interlayer material can be estimated from

the dependence:

L= (- Zna o), @2)

where L — half the length for through crack; o — critical stress for catastrophic crack propagation with length L.

At 0 = o0_4, it follows from (22) that length L of the catastrophic crack propagation is directly proportional to

the value (1 - GOBO In(1 + 8)) and the constant of the soft interlayer material L.

1

The obtained dependences in the system aggregate represent the proposed mathematical model for assessing
the crack resistance of welded joints with soft interlayers.
Discussion and Conclusions. When welding heat-strengthened steels for hull and other sheet structures, soft

interlayers are formed, the metal of which is plastically deformed in the first loading cycles. Numerical analysis

° Matokhin GV, Molokov KA. Ibid.
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methods using CAE tools'® can determine deformations or an increase in the width of the soft interlayer of the welded
joint under the action of workloads. The reliability of the connection with a soft layer depends on the degree of plastic
deformation, its hardening, stiffness of stress state with account of the boundary zones of the hard layers, and when a
crack appears — on its critical length L. When pulling the soft interlayer, L decreases in direct proportion to the
constant of the soft interlayer material L. and the expression depending on the degree of pulling §, i.e., on the relative
pre-elongation.

A simple analytical dependence of the critical elongation to fracture is obtained (19). It provides calculation
results that are in satisfactory agreement with experimental data for most structural steels (as of delivery). The formula
provides estimating the reference characteristic 65 of the sample by the only known parameter — the ultimate limit of
strength. This dependence is characterized by a theoretical regularity that is in good agreement with the

parameters of structural steels. However, in some cases (special heat treatment or tempering modes), it can give a

relative error up to ~ 30 — 40 %.

Analytical dependence of the change in the crack resistance limit of a soft interlayer on its preliminary plastic
deformation is proposed. Compared:

— calculated values of the crack resistance limit;

— experimental data obtained on compact test samples;

— earlier analytical solutions.

The comparison results convincingly prove the applicability of the proposed analytical solution. The effect of
the law of reducing the crack resistance limit with relative preliminary plastic elongation up to destruction (8s) and a
change in parameter (") of a pregrown crack in the material up to L. are studied. For this case, invariance in relative
coordinates is established under the condition of plane deformation and the absence of the influence of the limited size
of the sample or structure. Consideration of the limited size of samples and different loading schemes significantly
changes the mentioned dependence'' [13, 17].

The method proposed for estimating the crack resistance limit of welded elements with soft interlayers can be
used in engineering calculations to minimize metal consumption, as well as for ship structures subjected to low-cycle
fatigue.

References

1. Novikov VV, Turmov GP, Surov OE, et al. Povrezhdeniya i raschetnyi analiz prochnosti korabel'nykh
konstruktsii. Vladivostok: DVFU; 2020. 266 p. (In Russ.)

2. Makhutov NA. Deformatsionnye kriterii razrusheniya i raschet ehlementov konstruktsii na prochnost'.
Moscow: Mashinostroenie; 1981. 272 p. (In Russ.)

3. Gurevich LM, Trykov YuP, Ponomareva IA, et al. Komp'yuternoe modelirovanie kontaktnogo uprochneniya
alyuminievoi prosloiki magnievo-alyuminievykh tsilindricheskikh sosudov. Vestnik SibGIU. 2015;14:12—16. (In Russ.)

4. Aymetov SF, Aymetov FG. The strength of butt joints weakened by soft interlayer under bending load.
Bulletin of the South Ural State University. Series “Metallurgy”. 2015;15:107-112. (In Russ.)

5. Berg VI, Chekardovskiy MN, Yakubovskaya SV, et al. Influence of heterogeneity of mechanical properties
of various zones of the welded butt joints work connections in elastic-plastic deformation stage. Modern Problems of
Science and Education. 2015;2/3:28. URL: http://www.science-education.ru/ru/article/view?id=23518 (accessed:
11.02.2021). (In Russ.)

6. Kuliev VD, Zaitsev YV, Sultygova PS. Destruction laminates with a fatigue crack. News of the Kazan State
University of Architecture and Engineering. 2014;29:162—-166. (In Russ.)

"°CAE (computer-aided engineering). This is the name of programs and software systems for solving engineering problems.

" Goldstein RV, Morozov NF. Ibid.

Machine building and machine science

317



http://vestnik-donstu.ru

318

K. A. Molokov, et al. Evaluation of crack resistance of welded joints with soft interlayers

7. Molokov KA, Novikov VV, Turmov GP, et al. Estimation of reliability of ship structures with microcracks
and residual welding stresses. Marine Intellectual Technologies. 2018;41:45—54. (In Russ.)

8. Molokov KA, Slavgorodskaya AV. The estimation of hypopearlitic steel damage under overloading. Marine
Intellectual Technologies. 2013;2:56—58. (In Russ.)

9. Birdegulov LR, Shipachev AM. Research of crack resistance metals. Juvenis scientia. 2016;2:28-32. (In
Russ.)

10. Asnis AE. Dinamicheskaya prochnost' svarnykh soedinenii iz malouglerodistoi i nizkolegirovannoi stalei.
Moscow; Kiev: Mashgiz; 1962. 171 p. (In Russ.)

11. Matvienko YuG. Dvukhparametricheskaya mekhanika razrusheniya. Moscow: Fizmatlit; 2021. 208 p. (In
Russ.)

12. Matokhin GV. Otsenka resursa svarnykh konstruktsii iz ferrito-perlitnykh stalei. Vladivostok: DVGTU;
2001. 202 p. (In Russ.)

13. Makhutov NA, ed. Prochnost', resurs, zhivuchest' i bezopasnost' mashin. Moscow: Librokom; 2008. 576 p.
(In Russ.)

14. Gol'tsev VYu, Zelenskii AV, Kudryavtsev OG, et al. Zony lokalizatsii plasticheskoi deformatsii v
predvaritel'no deformirovannykh tonkolistovykh plastichnykh materialakh. In: Issledovanie prochnosti materialov i
konstruktsii atomnoi tekhniki. Moscow: Ehnergoatomizdat; 1984. P. 68—73. (In Russ.)

15. Makhutov NA, Frolov KV, Gadenin MM, et al. Nauchnye osnovy povysheniya malotsiklovoi prochnosti.
Makhutov NA, ed. Moscow: Nauka; 2006. 623 p. (In Russ.)

16. Sosnovskii LA, Bogdanovich AV. Treshchinostoikost'. Gomel: BeLGUT; 2011. 366 p. (In Russ.)

17. Molokov KA, Novikov VV, Turmov GP, et al. Matematicheskie modeli otsenki ehkspluatatsionnogo
resursa i rabotosposobnosti sudovykh svarnykh konstruktsii. Vladivostok: Far Eastern Federal University; 2021. 240 p.
(In Russ.)

Received 20.09.2021
Revised 10.10.2021
Accepted 24.10.2021

About the Authors:
Molokov, Konstantin A., associate professor of the Department of Industrial Safety, Polytechnic Institute, Far
Eastern Federal University (8, Sukhanova St., Vladivostok, 690090, RF), associate professor of the Department of

Information Technologies and Systems, Vladivostok State University of Economics and Service (41, Gogolya St.,
Vladivostok, 690014, RF), Cand.Sci. (Eng.), Scopus, ORCID, Researcher, Spektrum011277@gmail.com.

Novikov, Valerii V., associate professor of the Department of Marine Engineering and Transport, Polytechnic
Institute, Far Eastern Federal University (8, Sukhanova St., Vladivostok, 690090, RF), Cand.Sci. (Eng.), Scopus,
ORCID, lekal551@rambler.ru.

Claimed contributorship
K. A. Molokov: basic concept formulation; research objectives and tasks; computational analysis; text
preparation; formulation of conclusions. V. V. Novikov: academic advising; analysis of the research results; revision of

the conclusions; correction of the text.

All authors have read and approved the final manuscript.


https://www.scopus.com/authid/detail.uri?authorId=57197836777
https://orcid.org/0000-0002-9764-9329
https://www.scopus.com/authid/detail.uri?authorId=56417104100
https://orcid.org/0000-0001-5892-815X



